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Abstract Based on the experimental data at the Akesu
Water Balance Experimental Station (AWBES) from 1990
to 1996, the control conditions of establishing calculation
models of phreatic evaporation have been analyzed, the
empirical formulae for calculating the phreatic evaporation
have been presented. The results show that as for a given
phreatic depth, the phreatic evaporation increases nonlin-
early with pan evaporation, when pan evaporation reaches
the infinity, the phreatic evaporation is close to limiting
phreatic evaporation. The new models overcome the dis-
advantages of phreatic evaporation overestimation when
atmospheric evaporation demand is great and the linear
relationship between phreatic evaporation and pan evapo-
ration. With a high accuracy, the new models are appropriate
to be applied in similar regions without observed data.
Keywords Tarim river basin  Phreatic evaporation
from bare soil  Water surface evaporation 
Calculation method
Introduction
Phreatic evaporation from bare soil is a process that
transfers water from phreatic zone to unsaturated zone, and
further to air through soil evaporation. It is of great
importance in different field studies such as hydrology,
meteorology, and agriculture to evaluate the water balance
and thermal behavior of the soil. Evaporation from soil
surface causes not only the loss of water resources but also
soil salinization problem. This problem is serious in arid
regions where irrigation water resources are scarce as well
as in regions with shallow water table. Direct measurement
of phreatic evaporation is difficult, expensive, and usually
impractical. Thus, for years, many scholars on soil physics,
hydrogeology, irrigation and drainage, and so on have
conducted a great deal of researches on the mechanism and
law of the phreatic evaporation (Lu 1992).
An array of methods based on the observed data of
phreatic evaporation and its influencing factors have been
developed.
Gardner (1958) suggested that the phreatic evaporation
is governed either by the external evaporative conditions
when the groundwater table is near the soil surface or by
the soil physical properties when the groundwater table is
deeper. He developed an analytical solution for evaluating
soil-limited evaporation from bare soils under high water
table conditions. Ripple et al. (1972) extended the above
approach to compute the actual evaporation rate by com-
bining soil and meteorological equations. Zarei et al.
(2002) developed an analytical solution of nonsteady
evaporation from bare soils with shallow groundwater table
based on the Richards’ equation with the initial and
boundary conditions governing evaporation process. Li
et al. (2008) used the evapotranspiration package of MO-
DEFLOW 2000 to simulate evaporation.
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Lei et al. (1984, 1988) analyzed the relationship among
the phreatic evaporation, atmosphere evaporation capac-
ity, and phreatic depth, and put forward the Tsinghua
formula based on the unsaturated soil water steady flow
theory.
In China, research into phreatic evaporation started in
the early 1950s to prevent soil salinization. In the early
1970s, the groundwater was greatly exploited and the
research on phreatic evaporation helped to evaluate the
groundwater resources correctly (Bureau of Ren-Min
Sheng-Li Channel, Henan Province, China et al. 1996).
From the 1980s, research into phreatic evaporation grad-
ually turned from experimental analysis (Lu 1992; Sheng
et al. 1992; Bureau of Ren-Min Sheng-Li Channel, Henan
Province, China et al. 1996; Lei et al. 1988; Zhang 1984;
Mao et al. 1998; Zhang et al. 1995; Cheng 1993) to anal-
ysis of mechanisms (Qiu et al. 1996; Kong and Wang 1997;
Wang 1997) and numerical simulation (Lei et al. 1999;
Mao et al. 1997). Recently, such empirical formulae were
used in calculating ecological water requirement (Song
et al. 2000; Wang and Cheng 2002).
Accuracy of empirical formula has also been discussed,
e.g., Shang et al. (1999) developed the anti-logistic formula
to calculate phreatic evaporation coefficient. For a given
soil at the given phreatic depth, in order to avoid overes-
timating the phreatic evaporation when atmosphere
evaporation capacity is larger, Zhao et al. (2000) put for-
ward a sectioned curve-fitting method to fit the phreatic
water evaporation based on the principle of soil water
dynamics.
The main purpose of this study is to develop new and
structurally rational empirical models for calculating
phreatic evaporation from bare soil based on field obser-
vations at the Akesu Water Balance Experimental Station
(AWBES) during freezing-free seasons from 1990 to 1996.
Materials and methods
From 1990 to 1996, the experiment of phreatic evaporation
from bare soil was carried out in the AWBES (80500E,
40370N), which lies in the new oasis of an alluvial plain,
where the three main headstreams of Tarim river meet. The
elevation of the station is 1,024 m, with annual mean
temperature 11.2C and annual average precipitation
45.7 mm, and annual frost-free period 207 days. The soil is
silty loam (Table 1). A set of simple and convenient
lysimeter with sectional area 1 m2 were set up in 1990. In
these lysimeters, five different phreatic depths, i.e., 0.25,
0.75, 1.25, 1.75, and 2.25 m with two duplications were
arranged to observe the evaporation from bare soil once
every 5 days from 1990 to 1996 at the AWBES (Wang
1990; Wu 1992). Water surface evaporation is measured by
a evaporimeter at 20 h Beijing Time everyday. The daily
water surface evaporation value is calculated based on the
water balance law. The evaporimeter is a round small pan
20 cm in internal diameter and 10 cm depth, made by
copper. The pan is mounted on a stent, freely exposed to air
movement. The rim of the pan is at height of 70 cm above
the ground.
Based on the observations of phreatic evaporation and
pan evaporation, monthly phreatic evaporation rate and pan
evaporation rate of every year were calculated firstly, and
then the 7 years averaged phreatic evaporation rate at
different phreatic depth and pan evaporation rate were
calculated.
Results and discussion
Required variables in models of phreatic evaporation
Phreatic evaporation is restricted by atmospheric evapora-
tion demand and characteristics of soil water supply, and
the latter is embodied by soil texture and phreatic depth.
For a given soil texture, phreatic evaporation is mainly
constrained by atmospheric evaporation demand and
phreatic depth. Hence, to formulate calculation model of
phreatic evaporation is to set the functional expression
among phreatic evaporation, phreatic depth, and atmo-
spheric evaporation demand, which could reflect the law of
phreatic evaporation. Atmospheric evaporation demand is
an ability of air to control evaporation process on various
underlying surfaces; its size depends on the atmospheric
conditions but not on the type of underlying surface. The
atmospheric evaporation demand is often substituted by
water surface evaporation, or by the reference evapo-
transpiration (Lei et al. 1988; Zhao and Li 1995). For an
easy application in practice, in this paper, atmospheric
evaporation demand is expressed by pan evaporation,
which is measured by a standard evaporimeter with a
diameter of 20 cm.
Table 1 Soil mechanical composition
Clay (%)
(\0.002 mm)
Silt (%) Sand (%)
0.002–0.05 mm 0.05–0.1 mm 0.1–0.25 mm 0.25–0.5 mm 0.5–1 mm 1–2 mm
16.3 71.5 10.6 1.0 0.2 0.2 0.1
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Control conditions required by the calculation models
of phreatic evaporation
Figure 1 shows the relationship among phreatic evapora-
tion on bare land, phreatic depth, and pan evaporation
measured at the AWBES from 1990 to 1996. Phreatic
evaporation increases nonlinearly with the increase of pan
evaporation. For a given phreatic depth H, the increase of
phreatic evaporation rate E with the increase of pan
evaporation rate E0 is restricted by limiting phreatic
evaporation rate Emax. When pan evaporation rate E0 tends
to infinity, phreatic evaporation rate should tend to limiting
phreatic evaporation rate Emax, i.e., E = f(E0, H) for: if
E0 = 0, then E = 0; if E0 [ 0, then E \ Emax; if E0 ? ?,
then E = Emax, and dE/dE0 = 0.
Theoretical analysis of limiting phreatic evaporation
rate
For a homogeneous soil and a given phreatic depth, when soil
is under the steady-state evaporation condition, evaporation
from soil surface is equal to the soil water flux, which is the
same at every depth and is also equal to phreatic evaporation
rate. Under such conditions, the volumetric moisture content
and suction of soil profile are stable over time. Taking the
origin of the coordinate system at the phreatic surface, the
lower boundary condition becomes soil water suction S = 0
when vertical coordinate Z = 0. The distribution of volu-
metric moisture content and suction of homogeneous soil
under stable evaporation was shown in Fig. 2.
The basic equation and boundary condition of stable
evaporation of homogeneous soil under stable depth of
phreatic surface are given by (Lei et al. 1988):
E ¼ KðSÞ dS
dZ
 KðSÞ
Sð0Þ ¼ 0
(
ð1Þ
where Z is the vertical coordinate (m), K(S) is the unsat-
urated hydraulic conductivity of soil (mm/day), S is the
water suction of soil (m).
If the unsaturated hydraulic conductivity is represented
well by the following general function form:
KðSÞ ¼ Ks
1 þ fSN ð2Þ
where Ks is the saturated hydraulic conductivity (mm/day).
We may rewrite Eq. 1 as
E ¼ Ks
1 þ fSN
dS
dZ
 1
 
dZ ¼ 1
1 þ EKs þ EKs fSN
dS
When Z = 0, S = 0; Z = H, S ? ?, E ? Emax, thenZH
0
dZ ¼
Z1
0
1
1 þ EmaxKs þ EmaxKs fSN
dS ð3Þ
Assuming that Emax  Ks, then
H ¼
Z1
0
1
1 þ fEmaxKs SN
dS ð4Þ
Letting (fEmax/Ks)S
N = yN, then
S ¼ Ks
fEmax
 ð1=NÞ
y
dS ¼ Ks
fEmax
 ð1=NÞ
dy
When S ? 0, Y ? 0; S ? ? Y ? ?, so
H ¼
Z1
0
1
1 þ yN
Ks
fEmax
 ð1=NÞ
dy
¼ Ks
fEmax
 ð1=NÞZ1
0
1
1 þ yN dy ð5Þ
Fig. 1 Relationship among phreatic water evaporation, pan evapo-
ration, and phreatic depth at AWBES (from 1990 to 1996)
Fig. 2 Distributions of soil moisture and suction under stable
evaporation along soil depth
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The integral in Eq. 5 may be looked up in any standard
table of definite integrals, or it may be evaluated by the
calculus of residues. The integral item in Eq. 5 can also be
calculated byZ1
0
1
1 þ yN dy ¼
p
N sin pN
  ð6Þ
After substituting Eq. 6 into Eq. 5, we can solve for the
limiting phreatic evaporation rate:
Emax ¼ Ks
f
p
HN sin pN
 
" #N
ð7Þ
Calculation models of phreatic evaporation
from bare land
The procedure to find calculation models of phreatic
evaporation from bare land is to deduce the E * E0 rela-
tion under different phreatic depths firstly, then to set up
the relation of each parameter in E = f(E0) and phreatic
depth H, and finally establish the functional relation of E,
E0, and H.
Based on the relationships among long-term observed E
and E0 and H (Fig. 1), we proposed the new empirical
models:
• Model I: provided dE/dE0 = bc/(E0 ? c)2, then
dE ¼ bcðE0 þ cÞ2
dE0
ZE
0
dE ¼
ZE
0
bc
ðE0 þ cÞ2
dE0
E ¼ bE0
E0 þ c
If E0 = 0, then E = 0; if E0 ? ?, then E ? b. b is Emax
here.
So
E ¼ EmaxE0
E0 þ c ð8Þ
• Model II: E ¼ Emaxð1  eiE0Þ
• Model III: E = Emax tanh (jE0)
where c, i and j are empirical coefficients related to soil
texture and phreatic depth.
The relation between coefficient of unsaturated soil
conductivity and water suction of soil in evaporation tank
at the AWBES is determined by the observed data, as
shown in Eq. 9:
KðSÞ ¼ 44:64
1 þ S
0:1176
 1:7629 ð9Þ
Then
Emax ¼ 2:9547H1:7629 ð10Þ
Based on the data measured at the AWBES from 1990 to
1996, the parameters related to different phreatic depth in
models I–III are fitted firstly (Table 2), the relationship
between parameters and phreatic depth have been
established as follows:
c ¼ 1=ð0:0045 þ 0:1156H2Þ ð11Þ
i ¼ 0:0877H  0:0112 ð12Þ
j ¼ 0:0633H  0:0046 ð13Þ
Accuracy assessment of calculation
model of phreatic evaporation
Assessment standard of simulation effect of the model
The following assessment standards of simulation effect of
the models were adopted in this paper:
1. Effective coefficient of the model
The coefficient advanced by Nash and Sutcliffe (1970)
could be used to assess the close degree of the measured
value to the simulated value. NSE is determined by
NSE ¼ 1 
Pn
i¼1 ðEi obs  Ei modÞ2Pn
i¼1 ðEi obs  EobsÞ2
ð14Þ
When NSE is near to 1, simulation effect is the best.
2. Explanation variance (EV): It describes the dispersion
of the measured and simulated phreatic evaporation.
EV is given by
EV ¼ 1 
Pn
i¼1 ððEi obs  Ei modÞ  ðEobs  EmodÞÞ2Pn
i¼1 ðEi obs  EobsÞ2
ð15Þ
where ðEobs  EmodÞ is the mean value of ðEi obs  Ei modÞ.
When EV tends to 1, simulation result is the best
(Franchini and Pacciani 1991)
Accuracy performance of the models
Calculation results of NSE and explanation variance (EV)
of the models are shown in Table 3. From Table 3, it is
known that simulation effect of the models is quite good.
Table 2 The value of parameters in models I–III
Phreatic depth, H (m) c i j
0.25 85.3599 0.0110 0.0105
0.75 14.069 0.0540 0.0443
1.25 6.0973 0.0987 0.0738
1.75 2.2491 0.1846 0.1270
2.25 2.7297 0.1683 0.1164
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Conclusions
On the basis of systematic analysis of phreatic evaporation
and pan evaporation and phreatic depth at the AWBES
from 1990 to 1996, we arrive at the major conclusions as
follows:
1. The main factors influencing the phreatic evaporation
rate are the atmospheric evaporation demand, soil
texture, and phreatic depth. They are correlated well,
relation among phreatic evaporation, phreatic depth
and pan evaporation can be described as: for a given
phreatic depth, phreatic evaporation rate increases with
the increment of water evaporation rate nonlinearly,
which is constrained by the limiting phreatic evapo-
ration rate. When pan evaporation rate tends to infinity,
phreatic evaporation rate will run to the limiting
phreatic evaporation rate.
2. The limiting phreatic evaporation rate is a controlling
condition of building calculating model of phreatic
evaporation, it can be determined through theoretical
analysis. The coefficients for phreatic evaporation
calculation model established only by regression
analysis often lack mechanism basis.
3. The law that the relation of phreatic evaporation and
pan evaporation is nonlinear is the basis for establish-
ing empirical formulae of phreatic evaporation under
general steady flow condition. All the calculation
models put forward in this paper can objectively reflect
the relation among phreatic evaporation, phreatic
depth, and pan evaporation.
4. In case the phreatic level is near the surface, the
relation between phreatic evaporation and pan evap-
oration also constitutes a controlling condition to
establish the calculation model of phreatic evapora-
tion. Due to the minimum phreatic depth adopted in
this paper was 0.25 m, the information on evaporation
at zero phreatic depth lacked the relation between
phreatic evaporation and pan evaporation still needs to
be studied further.
5. In freezing-free seasons, it is proposed using models
I–III to compute the phreatic evaporation from bare
soil in similar regions without observed data in Tarim
river basin.
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